Graphene nanosheets have been synthesized from commercial expandable graphite by heating in a microwave oven and dispersing in ethanol by ultrasonication. Scanning and transmission electron microscopy and electron energy-loss spectroscopy and atomic force microscope showed that the nanosheets were about 2 nm in thickness and 10 m in diameter. The field emission of the graphene sheets has been investigated. An emission current density of 1 mA/cm 2 has been achieved at an electric field of 3.7 V/ m with a turn-on field of 1.7 V/ m at 0.01 mA/cm 2 . The annealing of the samples at 400 C in vacuum greatly improved the field emission performance.
INTRODUCTION
Nanostructured carbon-based materials, such as carbon nanotubes (CNTs), carbon nanofibers (CNFs), carbon nanowalls (CNWs), diamonds, diamond-like carbon (DLC), and nano-crystal graphite films, etc., have attracted a great attention due to their unique structure, exceptional mechanical and electronic properties, and promotional field emission characterizations. [1] [2] [3] A number of applications of these materials have been reported, including field emission flat panel displays, 4 high brightness electron sources for displays and lighting elements, 5 X-ray sources, 6 and microwave devices. 7 Recently, graphene, a new class of two-dimensional carbon nanostructure, has attracted tremendous attention from scientific communities. [8] [9] [10] The unique nanostructure holds great promise for potential applications in many technological fields such as nanoelectronics, sensors, composites, batteries, and supercapacitors, and field emission from graphene based composite thin films 11 or electrophoretic deposition. 12 In this paper, graphene nanosheets with high aspect ratio were prepared from commercial expandable graphite by a very simple method, namely, heating expandable graphite in a microwave oven and then dispersing in ethanol by ultrasonication. 13 The emitters showed enhanced field emission properties with an electric field of 3.7 V/ m for an emission current density * Author to whom correspondence should be addressed. of 1 mA/cm 2 (the minimum to produce the luminance of 300 cd/m 2 for a video graphics array field-emission display with a typical high-voltage phosphor screen efficacy of 9 lm/W), corresponding to a field-enhancement factor of about 7300, which is the highest enhancement factor among the two-dimensional carbon materials. This approach is simple, efficient, and inexpensive, which significantly facilitates the device fabrication, e.g., FEDs.
EXPERIMENTAL DETAILS
The commercial expandable graphite flake (Qingdao Yanxin Graphite Products Co. Ltd, China) with an average lateral dimension of about 400 m and an average thickness of about 30 m, as shown in Figures 1(a) and (b) . In typical synthesis of graphene nanosheets, 1 g expandable graphite flake was put in an alumina crucible with the volume of 200 cm 3 . An alumina cover was put on the crucible. Then, the crucible was placed on the spot zone in a domestic microwave oven (LG-MP700, power of 700 W). After microwave irradiation for 90 s, the expandable graphite expanded more than 150 times in volumes. About 0.05 g expanded product powder was soaked in 13 ml ethanol for overnight, and then the suspension was sonicated at room temperature for 11 h. The expanded graphite particles were effectively dispersed and fragmented into the graphene. The graphene film as a field emitter was prepared by pasting the suspension of graphene on a copper substrate, and drying at room temperature. the graphene nanosheet is highly crystalline; the hexagonal selected area electron diffraction (SAED) spot pattern [ Fig. 3(c) ] shows the piece is single crystal graphite. Electron energy-loss spectroscopy (EELS) has been used to determine the thickness of the samples. EELS was measured on JEM-2010F TEM equipped with a paralleldetection EELS spectrometer. Figure 3(a) shows a very high zero-loss peak and very low plasmon peak, which mean the thickness should be very thin, the exact thickness of the graphene is calculated (with an accuracy of better than ±20%) 13 in units of the mean free path using Gatan E/LP 3.0 code. EELS measurement shows that the typical thickness is about 2 nm [marked with in Fig. 3(a) ], corresponding to fewer than 6 layers of graphite sheets. For some place, the graphene was folded [marked with in Fig. 3(a)], Figure 3(e) shows the EELS of folded graphene, which show the plasmon peak is much higher than and zero-loss peak is much lower than Figure 3(d) , thickness is about 40 nm.
RESULTS
Field emission properties of the as-prepared and annealed graphene (annealing was carried in vacuum) samples were measured using a typical planar diode configuration. The anode was a stainless-steel cylinder disk with a diameter of 3.9 mm, and the gap between the sample surface and the anode was 400 m. The vacuum level was kept at about 6 0 × 10 −7 Torr during the measurements. Before the emission current measurement, an electrical conditioning was conducted to get stable field emission. The measured current density as a function of the macroscopic electric field is shown in Figure 4(a) . A turnon electric field of 2.0 V/ m was obtained at an emission current density of 0.01 mA/cm 2 for the as-prepared samples, and the highest saturated current density obtained was only 0.1 mA/cm 2 [ Fig. 4(b) ], due to probably the weak mechanical and electrical contacts with the copper substrate. To improve the mechanical and electric contacts, the same sample was annealed in vacuum at 400 C for 1 h and measured again. Figures 4(a), (b) shows that the turn-on field was reduced to 1.7 V/ m and an emission current density of 1 mA/cm 2 was obtained at 3.7 V/ m, which are comparable to those of CNTs. It means that graphene nanosheets are potentially candidates for field emitters.
DISCUSSION
The field emission characteristics were analyzed by Fowler-Nordheim (F-N) model. The F-N plot of the annealed sample is shown in Figure 4(c) . It is clearly exhibited that the measured data fit well to the linear relationship, which confirmed that the measured current is truly from field emission. The linear relationship is given by
where a = 1 54 × 10
, j is the emission current density, E is applied macroscopic electrical field, is the field enhancement factor, and is the work function of the emitter material. Assuming ∼5 eV as the graphene work function, 15 the field enhancement factors calculated from the slope of the F-N plots are 7300, which is larger than that carbon nanowall or nanosheet. 16 17 The high field enhancement factor is due to very small thickness, less than 2 nm, which is determined by EELS on the HRTEM.
Annealing will help the diffusion between the graphene nanosheets and substrate, So the annealing may not only have improved the electrical contact for a much lower contact resistance to achieve high current density, but also increased the mechanical bonding between the graphene nanosheets and substrate to prevent pullout of graphene sheets from the substrate during field emission measurements as carbon nanotubes does. 18 19 A preliminary SEM and HRTEM study of the samples after annealing did not reveal any noticeable structural change, but cannot rule out a minor change that causes electrical property change leading to better field emission properties. Raman spectrum was employed to characterize the microstructure changes of the graphene nanosheets after annealing, carried out on JY-HR800 at = 488 nm. Figure 5 shows the Raman spectra of the graphene layer before and after annealing. This spectra shows mainly three Raman bends at 1357 cm −1 (D band), 1579 cm The high crystallinity will improve the field emission. Here microwaves have been used instead of an oven to heat expandable graphite. 12 As we know, materials are heated volumetrically, and a uniform microstructure can be produced using microwave heating, it is also much more efficient compared to conventional oven resistance heating. Using this method, the highly crystal carbon nanosheets with thickness 2 nm, normally graphene nanosheets, have been obtained, which shown in Figure 3(b) .
CONCLUSIONS
The graphene nanosheets have been prepared from commercial expandable graphite by a very simple method: heating in a microwave oven and dispersing in ethanol by ultrasonication. The field emission property studies show that annealing improved the field-emission performance drastically. The experimental results indicate that graphene has great potential as competitive candidate for field emitter used as various electron sources.
